To determine if monkeys exhibit clinical suppression in response to early abnormal binocular vision, we compared dichoptic to monocular luminance increment thresholds in monkeys reared with alternating monocular defocus or optically induced strabismus. In the absence of amblyopia, clinical suppression was associated with strabismus and with as little as 1.50 diopters of anisometropia. The severity of suppression was roughly correlated with the magnitude of anisometropia. The demonstration of clinical suppression in monkeys provides a model for future investigations of factors that may influence the development of suppression, but which are not possible to accurately document or manipulate in human subjects.
Introduction
Both normal physiological and abnormal clinical suppression are recognized to effectively suspend visual perception in human subjects. Normal physiological suppression occurs in conjunction with a blink (Volkmann, Riggs, & Moore, 1980; Riggs, Volkmann, & Moore, 1981) , a saccade (Dodge, 1900; Holt, 1903; Dodge, 1905; Holt, 1906; Woodworth, 1906) or during binocular rivalry (Blake & Camisa, 1979; Smith, Levi, Manny, Harwerth, & White, 1985b; Holopigian, Blake, & Greenwald, 1988; Holopigian, 1989) . Clinical suppression is thought to develop as a result of early abnormal visual experience. Under binocular viewing conditions, clinical suppression diminishes perception through a deviated or defocused eye in favor of perception via the fellow eye. In this way clinical suppression eradicates conflicting binocular visual inputs associated with anisometropia or strabismus.
Investigation of clinical suppression is problematic in human subjects because the characteristics of the abnormal visual experience thought to precipitate clinical suppression are beyond the control of research. Whether or not suppression develops may depend on the exact nature of the early abnormal visual experience. While suppression seems to be inevitable in the presence of early onset strabismus (von Noorden, 1985) , whether suppression develops in association with anisometropia may depend on the magnitude of the difference in refractive errors between the two eyes (Heath, Hines, & Schwartz, 1986; Simpson, 1991) . And while refractive errors and ocular deviations may be measured, the constancy of the magnitude of anisometropia or strabismus in human subjects cannot be assumed (Abrahamsson, Fabian, & Sjostrand, 1990 , 1992 Abrahamsson & Sjostrand, 1996) . Similarly, the exact age at which anisometropia or strabismus began to challenge binocularity cannot be known, and so age of onset and duration cannot be accurately related to the development of suppression. Ethically, once anisometropia or strabismus is detected, treatment should not be postponed. For all these reasons researchers need a model that can be systematically controlled in order to effectively investigate clinical suppression.
An animal model of clinical suppression would allow researchers to relate the features of the precipitating abnormal binocular visual experience to behavioral and physiological demonstrations of suppression. Previous studies have shown that the visual systems of humans and rhesus monkeys are very similar. Visual functions of spatial and temporal contrast sensitivity, increment spectral sensitivity, binocular contrast summation, motor and sensory fusion, and local stereopsis are very similar between the two species Harwerth, Smith & Siderov, 1995; Harwerth, Smith, & Crawford, 1996) . Monkeys exhibit rivalry suppression (Leopold & Logothetis, 1996 ), yet it is unknown whether monkeys develop clinical suppression in response to abnormal binocular visual experience as humans do.
Our primary aim was to determine whether monkeys demonstrate suppression in response to disruptions in binocular vision that are thought to cause suppression in humans. To this end, we studied suppression in monkeys reared with simulated anisometropia or strabismus. The rearing strategies were designed to produce specific defects in sensory binocular vision, while allowing normal development of monocular sensory vision and motor fusion. Secondarily, we were also interested to learn the extent to which the characteristics of suppression differ between anisometropia versus strabismus. If suppression is an adaptive sensory mechanism, it might be expected that the characteristics of suppression are unique to each anisometropia and strabismus. If, on the other hand, suppression develops in response to the commonality between anisometropia and strabismus of non-fusible foveal images, then the suppression accompanying each might be indistinguishable.
An abstract based on these data has been previously reported (Wensveen, Harwerth, & Smith, 1996) .
Methods

Subjects
All of the animal-care procedures and the experimental protocols conformed to the NIH Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, 1985) , and were approved by the University of Houston Institutional Animal Care and Use Committee.
A total of 13 rhesus monkeys with documented visual histories were used as subjects. There were two normally reared control monkeys, nine monkeys who were reared with alternating monocular defocus, and two monkeys that were reared with an optically induced strabismus. Alternating monocular defocus was produced by rearing infant monkeys with a negative powered, continuous-wear contact lens (Fernandes, Tigges, Tigges, Gammon, & Chandler, 1988) on alternate eyes on successive days from 3 weeks to 9 months of age.
Lens rearing was purposefully delayed until the monkeys were 3 weeks old to reduce the likelihood that the subjects would develop a secondary strabismus (Quick, Tigges, Gammon, & Boothe, 1989; Harwerth, Smith, Crawford, & von Noorden, 1990 ). The contact lens produced an interocular imbalance in refractive error that optically simulated anisometropia. The lens was alternated between the eyes to allow each eye normal monocular visual experience every other day to minimize the likelihood that the lens-reared monkeys would develop amblyopia (Smith, Harwerth, & Crawford, 1985a) . Therefore, the lens-reared monkeys never experienced clear simultaneous binocular vision during the rearing period. The powers of the defocusing lenses were graded so that the effect of the degree of anisometropia could be determined. Three monkeys wore a 1.50 diopter (D) lens, three monkeys wore a 3.00 D lens, and three monkeys wore a 6.00 D lens. The individual monkeys are identified by the power of lens worn during rearing (e.g. monkey 6LR-3 was the third monkey of the group that wore the 6 D-defocusing lens).
The optical consequences of a concomitant strabismus were simulated by securing ophthalmic prisms in front of the two eyes (Crawford & von Noorden, 1980) . The prisms (a total of 27 prism diopters) were oriented base-in with the prism for one eye rotated about 10°to induce a small (2.5 prism diopters) vertical deviation to further discourage fusion. The two monkeys with optically induced strabismus wore the helmets continuously from 4 to 12 weeks of age. The choices of prism power, orientation and wearing duration were based on previous neurophysiological experiments where monkeys reared according to a similar protocol had cortical ocular dominance distributions that showed equal numbers of left and right eye monocular neurons but few binocular neurons (Crawford & von Noorden, 1980) . Following the special rearing period, the experimental monkeys were allowed unrestricted binocular vision. Behavioral training and testing was started when the monkeys were about 2 years old. All testing was done with the monkeys viewing through their best refractive error correction, determined by cycloplegic retinoscopy and confirmed by behavioral testing . To determine the extent to which each of the rearing paradigms had resulted in amblyopia, contrast sensitivity functions were generated for each monkey, both monocularly and binocularly, using procedures and data analysis methods described previously in detail (Harwerth, Boltz, & Smith, 1980; Harwerth et al., 1990) . Briefly, contrast detection thresholds were measured for vertical sine-wave gratings with spatial frequencies between 0.25 and 16 c/deg. Contrast thresholds were determined using the same adaptive staircase as is described in the present experiments. In addition, to ensure that the stimuli were presented to corresponding retinal points during dichoptic testing, each monkey viewed the binocular display through prisms that minimized their fixation disparity. This prism value had been determined prior to testing for suppression from empirically determined fixation disparity curves (Harwerth et al., 1995) .
For comparison purposes, data were also collected for one of the authors (JW) who is an experienced psychophysical observer with normal binocular vision and stereopsis.
Apparatus and 6isual stimuli
To perform the experiments, the monkeys were placed in a primate chair fitted with a response lever on the waist plate and a juice spout on the neck plate. When the monkey's mouth was on the juice spout, his eyes were centered in the lens wells of a viewing mask. During dichoptic testing, the best refractive error corrections were placed in the lens wells and the prism needed to minimize any vergence error was introduced via Risley prisms mounted over the lens wells. During monocular testing, the non-tested eye was occluded via an opaque disk. A liquid-crystal shutter system used to obtain dichoptic stimulation was mounted over the viewing mask. The monkeys viewed the stimulus monitor from a distance of 114 cm in a darkened, sound-attenuating chamber.
Visual stimuli were generated by computer graphics (VSG 2/3, Cambridge Research Systems, Cambridge, UK) and displayed on a video monitor with a 35.5× 26.7 cm display screen (Mitsubishi model HL7955SETK, Tokyo, Japan). Dichoptic viewing was obtained through synchronization of the video frames and the liquid-crystal shutters (model LV100P, DisplayTech Inc., Longmont, CO) to present alternate non-interlaced frames at 60 Hz to each eye. The mean luminance of the stimulus monitor (100 cd/m 2 ) was measured with a Pritchard photometer. During operation, the dichoptic shutter system reduced the screen luminance by about 75%.
Detection stimuli were presented within a central 8°a rea of mean luminance. This central test area was surrounded by a high (100%) contrast 1 c/deg background grating that extended to the edge of the display screen and served as a binocular fusion stimulus. Four 2 × 2 pixel black dots flanked the center of the display vertically and horizontally at 0.25°, cueing fixation during testing. Under monocular testing conditions, the tested eye viewed the entire display, including the background grating and the four black dots, while the non-tested eye was occluded. Under dichoptic testing conditions, both eyes viewed the background grating and the para-central four black dots, but the stimulus was presented to the tested eye only.
In the first experiment, luminance increment thresholds were measured for 2 arcmin stimuli that were presented at equally spaced locations within the central 5.5°of the visual field, using methods derived from studies of visual fields in monkeys with experimental glaucoma Harwerth, Carter-Dawson, Shen, Smith, & Crawford, 1999) . The area around fixation was included in the investigation because suppression scotomata accompanying anisometropia are usually centered on fixation, and depending on the depth of suppression, may also extend beyond central fixation (Sireteanu & Fronius, 1981) . Measures of both the depth and area of the scotomata were used to characterize the severity of suppression. Stimulus duration was 0.13 s, with an abrupt onset and offset.
In the second experiment, contrast detection thresholds for grating targets were measured. The stimuli were two-dimensional Gabor patches with carrier spatial frequencies of 1, 2, or 4 cycles per degree. The S.D. of the Gaussian spatial filter was equal to one spatial period of the carrier grating, so that about 1.5 cycles of the carrier grating were visible regardless of the spatial frequency. With a constant number of grating cycles visible, the size of the Gabor patch varied inversely with the carrier grating spatial frequency.
Detection paradigm
The behavioral paradigm was a temporal-interval detection task (Harwerth & Sperling, 1975; Harwerth et al., 1980) . The display, including the background grating, central gray area and four black dots surrounding fixation, was visible while a 'clicking' sound prompted the monkey to initiate a trial. The monkey pressed down on the response lever to begin a 0.1-to 6.0-s randomly variable fore-period that was followed by the presentation of the detection stimulus. The monkey was trained to release the lever following stimulus presentation. If the lever release occurred within 500 ms after the stimulus presentation, that trial was counted as a 'hit'. If the monkey held the lever down through the trial, it was counted as a 'miss'. Each hit was rewarded with an auditory tone, and randomly with 0.5 ml of orange drink. At the end of a trial, the display screen returned to mean luminance and all tones were silenced for 1 s. False alarms, where the monkey released the lever before the stimulus was presented were rare, as false alarms initiated an extended inter-trial interval (6 vs. 1 s following hits or misses). The paradigm was the same for the human subject, except that no juice reward was given.
Thresholds for both experiments were measured using the same adaptive staircase. The contrast was decreased by 0.1 log units after every hit, and was increased by 0.3 log units after two consecutive misses, so that descending reversals converged to a 25% probability of a positive response which was taken as the detection threshold (Levitt, 1970) . In the first experiment, the point target was presented centrally and at a total of 80 peripheral test locations. Peripheral test locations were at 0.25°from center and then at intervals of 0.50°-2.25°from center. In a single session, thresholds at fixation and eight field locations were derived from interleaved staircases. In each session twice as many trials were presented at the center of the display compared to any other field location to maintain control of fixation. In the second experiment, the Gabor target was presented at 17 test locations within the same testing area. There were two sets of field locations. One set tested along the vertical and horizontal meridians with stimuli presented at central fixation and centered at 1.0 and 2.5°along each semi-meridian. The other set tested along oblique meridians, with stimuli presented at the same eccentricities. In a given daily session the spatial frequency of the carrier grating was constant and, to maintain control of fixation, twice as many trials were presented at the center of the display.
In each of the two experiments, the mean and S.D. of about 20 thresholds generated over two sessions were calculated for each field location. Thresholds measured under monocular viewing conditions were compared to thresholds measured under dichoptic viewing conditions. Suppression was defined as an increase in threshold under dichoptic versus monocular viewing conditions.
Results
Spatial contrast sensiti6ity
The spatial contrast sensitivity functions show that the anisometropic rearing strategy was largely successful in preventing the development of significant degrees of amblyopia. For each experimental subject ( (Fig. 1 ) and 3 D (Fig. 2 ) lens-reared monkeys demonstrated similar right and left eye monocular contrast sensitivities, confirming that for these monkeys, the alternating defocus strategy did not disrupt the normal balance in spatial vision between the two eyes. One of the 3 D lens-reared monkeys (3LR-3) showed reduced, but equal, contrast sensitivities for both eyes. Two of the 6 D lens-reared monkeys (6LR-1 and 6LR-2) shown in Fig. 3 , and both of the prism-reared monkeys (SM-1 and SM-2) shown in Fig. 4 demonstrated reduced monocular contrast sensitivities. Amblyopia is diagnosed clinically when the best-corrected visual acuity of the eye with the poorer visual acuity is not up to 20/30 (Ciuffreda, Levi, & Selenow, 1991) , which translates to a cut-off spatial frequency less than 20 c/deg. Using this clinical definition, only monkey SM-2 exhibits a small degree of amblyopia in the left eye. Monkeys 3LR-1 and 3LR-2 showed normal monocular right eye (closed circles) and left eye (closed triangles) contrast sensitivities. Monkey 3LR-3 showed depressed contrast sensitivity over high spatial frequencies for both the left and right eyes. Fig. 3 . Spatial contrast sensitivity functions for the three monkeys reared with the 6.00 D defocusing lens. Format is the same as for Fig. 1 . Monkeys 6LR-1 and 6LR-2 both showed slightly depressed contrast sensitivity over high spatial frequencies, with the right eye (closed circles) showing the larger deficit. Monkey 6LR-3 showed normal monocular contrast sensitivity.
Ocular alignment
The lens-reared monkeys were presumed to have no microtropia on the basis of their rearing history, symmetrical corneal reflexes and behaviorally determined fixation disparities. Observation of symmetrical corneal reflexes confirmed the absence of deviations over 5 prism diopters (Griffin & Grisham, 1995) , though this cannot discount the possibility of a small angle strabismus. However, measures of fixation disparity as a function of vergence demand were made on all of the monkeys prior to testing for suppression (Fig. 5) . The shapes of the forced vergence-fixation disparity curves were similar to those generated by normal monkeys (Harwerth et al., 1995) and indicate that they had motor fusion adequate for the support of sensory fusion. The forced vergence-fixation disparity curves are relatively flat because the monkeys viewed through a single prism power for about 2 h while they performed the required number of Vernier judgments so that a psychometric function could be constructed. The point of subjective alignment was determined from the psychometric function, and averaged with about four similarly determined values to define each data point (error bars indicate the S.D.). Where the curve crosses the horizontal zero-disparity line indicates the associated phoria or the value of prism required to minimize any vergence error, which was used for all subsequent dichoptic testing. Where the curves cross the vertical zero-prism line indicates the fixation disparity or the measure of vergence error without prism. If normal retinal correspondence is assumed, the largest fixation disparity ever measured was 14.8 arcmin (3LR-2), which is well below the limiting value of 33.3 arcmin or 1 prism diopter that defines a strabismus (Morgan, 1969) .
Luminance increment detection at central fixation
Luminance increment thresholds for central vision were measured in every testing session. The log of the ratio of dichoptic sensitivity to monocular sensitivity for the right eye (closed squares) and left eye (open circles) of each subject is shown in Fig. 5 . Symbols representing a log ratio of less than zero indicate suppression.
For subjects with normal binocular vision, luminance increment thresholds were essentially identical with monocular or dichoptic viewing. The human subject and the two normally reared monkeys (NM-1 and NM-2) all showed log sensitivity ratios between − 0.09 and 0.045 (average= −0.032 90.045). On the basis of these normal data, significant suppression was defined by sensitivity ratios that were outside the lower 95% confidence limit (i.e.B −0.14), which is indicated by the dashed line in Fig. 5 .
Monkeys reared with alternating monocular defocus showed gradations in the depth of central suppression. The deepest suppression was evident for the three monkeys reared with 6 D of defocus. Suppression of the right eye for monkeys 6LR-1 and 6LR-2 was consistent with the slightly, though not clinically significant, reduced contrast sensitivity of the right eye relative to the left eye. Conversely, monkey 6LR-3 had demonstrated equal normal monocular contrast sensitivities, and so suppression cannot be attributed to amblyopia or an interocular difference in spatial vision. The monkey who showed the strongest suppression (6LR-1) had a log ratio of dichoptic to monocular sensitivity ratio of − 0.54. When this monkey viewed the background grating dichoptically, the sensitivity of his right eye was decreased by a factor of 3.4. The other two 6 D lens-reared monkeys (6LR-2 and 6LR-3) had log dichoptic to monocular sensitivity ratios of − 0.37 and − 0.40, respectively, so that the sensitivity of their right eyes was reduced by a factor of about 2.5 when they viewed the background grating dichoptically. Monkey 6LR-3 also showed evidence of suppressing his left eye so that the sensitivity was reduced by a factor of 1.3.
One of three 3 D lens-reared monkeys (3LR-1) and two of three 1.5 D lens-reared monkeys (1.5LR-1 and 1.5LR-2) showed log ratios of dichoptic to monocular sensitivity between − 0.14 and − 0.30. During dichoptic viewing, the sensitivity of the tested eye was reduced by factors between 1.4 and 2 times compared to when viewing monocularly. All three of these monkeys showed equal normal monocular contrast sensitivities, yet both 1.5 D lens-reared monkeys suppressed their left eyes, and the 3 D lens-reared monkey suppressed either eye.
Three experimental monkeys did not show central suppression; one reared with 1.5 D of defocus (1.5LR-3) and two reared with 3 D of defocus (3LR-2 and 3LR-3). All three of these monkeys showed equal monocular contrast sensitivities, though monkey 3LR-3 showed reduced contrast sensitivity of both eyes.
The two monkeys reared with optically induced strabismus both showed evidence of central suppression. Both strabismic monkeys (SM-1 and SM-2) showed log sensitivity ratios between −0.12 and − 0.30, indicating a reduction in sensitivity during dichoptic viewing between 1.3 and two times the sensitivity during monocular viewing. Although both prism-reared monkeys showed suppression of either eye, both showed stronger suppression of the eye with the lower monocular contrast sensitivity. For monkey SM-1 suppression was stronger for the right eye, and for monkey SM-2 suppression was stronger for the left eye. Fig. 4 . Spatial contrast sensitivity functions for the two monkeys reared with the prism. Format is the same as for Fig. 1 . Monkey SM-1 showed slightly reduced right eye (closed circles) contrast sensitivity over high spatial frequencies. Monkey SM-2 showed reduced left eye (closed triangles) contrast sensitivity over high spatial frequencies. The cut-off spatial frequency for the left eye of monkey SM-2 is below 20 c/deg, and so would be considered clinically amblyopic. Fig. 5 . Forced vergence -fixation disparity functions for four representative monkeys (1.5LR-3, 3LR-3 6LR-3 and SM-2), one from each treatment group. Measured fixation disparity in arcmin is plotted as a function of prism the animal was viewing the dichoptic nonius targets through. Error bars are S.D. Where the curve crosses the vertical zero forced-vergence line indicates the amount of misalignment between the two eyes during normal fusion (fixation disparity). Where the curve crosses the horizontal zero fixation disparity line indicates the prism power that necessary to neutralize the fixation disparity (associated phoria).
Luminance increment detection in central 5.5°T
o determine if the magnitude of suppression varied in a field-specific manner, grayscale plots of the central 5.5°were constructed and the log dichoptic to monocular sensitivity ratios along the horizontal meridian were plotted (Figs. 7-10 ). For each grayscale plot, the middle of each square represents a test location. Each of the four squares at the center of the plot represents a test location 0.25°from fixation and squares radiating peripherally represent test locations separated by 0.50°. The dichoptic to monocular sensitivity ratios and the grayscales are linear. When the dichoptic sensitivity equals the monocular sensitivity the ratio is equal to one, which is depicted as the mid-gray of the band of squares that surrounds the test results. Suppression is indicated by areas that are darker than the mid-gray band, with the darkness of the area representing the depth of suppression. Areas lighter than the mid-gray of the surrounding band represent test points where dichoptic sensitivity was better than monocular sensitivity. The top grayscale (right eye), the lower grayscale (left eye) and the line graph below the grayscale plots are for the same monkey. For the line graphs, the dichoptic to monocular contrast sensitivity ratios for test locations represented by grayscale rows 6 and 7 were averaged, and the log was plotted as a function of horizontal eccentricity for each the right eye (closed symbols) and the left eye (open symbols). Error bars are the log SEM.
In Fig. 7 , data are shown for the normally reared monkey NM-2 and for two lens-reared monkeys (1.5LR-3 and 3LR-3) who showed no suppression. The central 5.5°area is generally lighter than the back-ground, indicating an absence of suppression. The line graphs show log sensitivity ratios that are at or above zero along the horizontal meridian. Fig. 8 shows data from three monkeys who demonstrated central suppression, monkey 1.5LR-1 (left column), monkey 1.5LR-2 (middle column), and monkey 3LR-1 (right column). For monkey 1.5LR-1, the top grayscale (right eye) is light, indicating that the right eye is not suppressed. In the lower grayscale plot (left eye), there is a darker area that extends into the right field, suggesting that suppression extends into the right field of the left eye. The line graph below confirms the suggestion that suppression extends into the right field of the left eye in that the log ratios for the left eye (open symbols) are below zero in the right field, and are certainly reduced compared to the log ratios for the right eye.
The middle column grayscale field plots for monkey 1.5LR-2 are mottled, indicating variable sensitivity. There is a darker area extending into the superior field of the right eye (upper grayscale plot), which may indicate suppression. The line graph below for the horizontal meridian shows variability in the log ratios but no distinct pattern of suppression.
In the right column, monkey 3LR-1 shows only a small dark area centered on fixation in the left eye (lower) grayscale plot, while the right eye (upper) grayscale plot appears uniform gray. Results at central fixation (Fig. 6) indicated that the right eye was suppressed to the same depth as the left eye. The line graph below indicates that the left eye suppression scotoma is symmetrical around fixation and extends to an eccentricity of 0.75°, while suppression of the right eye is only at central fixation.
In contrast, the grayscale field plots and the line graphs for the 6 D lens-reared monkeys indicate deeper suppression that extends beyond the testing area (Fig.  9) . The relative darkness of the top grayscale plots indicates suppression of the right eyes for all three of the 6 D lens-reared monkeys. Monkey 6LR-1, who demonstrated the deepest central suppression, shows virtually the same depth of suppression along the horizontal meridian, as indicated by the uniform darkness of the upper (right eye) grayscale plot, and confirmed by the depressed flat right eye curve (closed symbols) in the line graph below.
The middle column of data in Fig. 9 is for monkey 6LR-2. The top grayscale plot shows deep central suppression of the right eye, what appears to be a ring of shallower peripheral suppression as indicated by the lighter shade of the grayscale plot, with possibly a more eccentric ring of deep suppression suggested by the outer dark ring. In the lower grayscale plot (left eye) there appears to be a contrast reversal for the central four squares, suggesting that this monkey is using his left eye and suppressing his right eye for centrally Fig. 6 . Suppression at central fixation. The log of the dichoptic to monocular sensitivity is plotted for each eye of all subjects. The closed squares represent right eye data, the open circles represent left eye data, and error bars represent S.D. Symbols below the solid line at the log ratio of zero indicate suppression and the distance of the symbol from the horizontal zero line indicates the depth of suppression. Symbols below the dashed line at −0.14 are considered to represent significant suppression, which was taken as 2 S.D. below the average value for normal observers (Monkeys NM-1, NM-2 and Human JW). Fig. 7 . Grayscale field plots and line graphs for monkeys showing no suppression. The left column shows data for normal monkey NM-2, the middle column shows data for monkey 1.5LR-3 and the right column shows data for monkey 3LR-3. In the upper grayscale (right eye) and lower grayscale (left eye), areas darker than the border of single squares surrounding the tested area indicate suppression. The scale at the bottom of each field plot indicates representative linear numerical values of the dichoptic to monocular sensitivity ratio for some gray-levels. The scales on the vertical axes indicate representative field positions of the point target in degrees. For these observers, the tested areas were generally the same gray-level as the border or a shade lighter indicating that there was no suppression. The line graphs below the grayscales show the dichoptic to monocular sensitivity ratios from rows 6 and 7 of the grayscale plots averaged and the log plotted against horizontal eccentricity for the right eye (closed symbols) and the left eye (open symbols). Central fixation is represented on the line graphs but cannot be represented on the grayscale plots. The line graphs support the conclusion that there was no suppression for these animals as data points hover around the zero line.
viewed targets. The pattern of suppression becomes clearer in the line graph below. Certainly, the right eye is being strongly suppressed centrally, not so strongly suppressed out to about an eccentricity of 1.75°, but then more strongly suppressed again beyond an eccentricity of 1.75°.
Data for the monkey 6LR-3 is shown in the righthand column of Fig. 9 . Overall, the right eye is more extensively suppressed, as indicated by the relative darkness of the top grayscale field plot. The four lighter squares at the center of the grayscale plot suggest milder suppression close to fixation, but the line graph shows that exactly at fixation the right eye (closed symbols) is more deeply suppressed than the left eye. The lower grayscale plot appears darker centrally, suggesting that there may be suppression of the left eye close to fixation. The line graph confirms a reduction in the left eye ratio close to fixation, so that the sensitivity ratios for the right and left eyes are the same at an eccentricity of 0.25°. Peripherally, the right eye is suppressed to the 2.25°eccentricity limit of testing.
Data for the optically induced strabismic monkeys are shown in Fig. 10 . The relative darkness of the upper grayscale field plot suggests that monkey SM-1 also suppressed the right eye. Suppression is deepest centrally where the grayscale plot is darkest, milder peripherally to an eccentricity of about 1.25°, then deeper again at greater eccentricities. The lower grayscale plot is darkest over the central four squares also, suggesting that the left eye is also suppressed centrally. The line graph below confirms that both eyes are suppressed (possibly alternately), with the right eye (closed symbols) being suppressed over a greater area that the left eye.
The right-hand column of Fig. 10 shows data for prism-reared monkey SM-2. Again, the top grayscale plot is generally darker than the lower grayscale plot, suggesting suppression of the right eye. The line graph below confirms that the suppression is relatively shallow and extends to the 2.25°limit of testing. The right eye is suppressed over most of the field, except peripherally from an eccentricity of about 1.25°into the right field, where it appears that the left eye (open symbols) may be suppressed. Fig. 8 . Grayscale field plots and line graphs for monkeys showing central suppression. The left column shows data for monkey 1.5LR-1, the middle column shows data for monkey 1.5LR-2 and the right column shows data for monkey 3LR-1. The format is the same as for Fig. 7 . Monkey 1.5LR-1 shows a darker area that extends into the right field of the left eye (lower grayscale plot) that is indicative of suppression. The line graph below confirms this impression as the open symbols (left eye) are below the zero line towards the right side. Monkey 1.5LR-2 shows a darker area superior to fixation in the right eye (upper) grayscale, which is not evident in the line graph showing ratios across the horizontal meridian. Monkey 3LR-1 shows a well-circumscribed central scotoma in the left eye in both the grayscale (lower) and line graph. Fig. 9 . Grayscale field plots and line graphs for monkeys showing more severe suppression within the central 5.5°. The left column shows data for monkey 6LR-1, the middle column shows data for monkey 6LR-2 and the right column shows data for monkey 6LR-3. The format is the same as for Fig. 7 . All three of the 6 D lens-reared monkeys showed dark areas in their right eye (top row) field plots indicating suppression of the right eye. Suppression probably extended beyond the central 5.5°as suggested by the contrast between the limits of the test area and the neutral border. The pattern of suppression across the horizontal meridian depicted in the line graphs below varies between these animals.
Spatial frequency effects on suppression
The investigation of suppression using spatial frequency-defined stimuli was performed to confirm and extend the characterization of suppression made with the point stimuli. Monkeys also showed evidence of suppression with the Gabor stimuli, however, at least for the spatial frequencies that were investigated, suppression was not spatial frequency-specific.
In Fig. 11 the log ratio of the dichoptic to monocular sensitivity for central fixation is plotted against the spatial frequency of the carrier grating. For each monkey, right eye data are represented by closed symbols and left eye data are represented by open symbols. Monkey 3LR-3 showed elevated monocular thresholds for all Gabor targets, as did monkey 6LR-1 for 4 c/deg targets; these data are not included. The composite graph at the bottom of the righthand column shows data from the eye with the lowest log ratio (most suppressed eye). There is no trend relating depth of suppression with spatial frequency.
Discussion
Monkeys reared with early abnormal binocular visual experience developed clinical suppression. The demonstration of suppression across primate species underscores its importance as a mechanism that has evolved to cope with abnormal binocular vision. Suppression was found in six of the nine monkeys reared with alternating monocular defocus, and in both of the monkeys reared with optically induced strabismus. In the event of early onset strabismus, the development of clinical suppression seems to be a certainty (Jampolsky, 1955) . Both of these optically strabismic monkeys and two of the monkeys reared with the strongest defocusing lens, however, did develop a difference in contrast sensitivity between their right and left eyes, despite rearing strategies designed specifically to prevent amblyopia. Predictably, suppression of the eye with the poorer contrast sensitivity was the rule. However, there were clear indications that clinical suppression developed in association with as little as 1.5 D of alternating monocular defocus, which suggests that the mechanisms responsible for suppression are relatively sensitive to interocular differences in refractive error. It is possi- Fig. 10 . Grayscale field plots and line graphs for the prism-reared monkeys. The left column shows data for monkey SM-1 and the right column shows data for monkey SM-2. The format is the same as for Fig. 7 . Both of the prism-reared monkeys showed areas darker than the border in their right eye (top row) field plots indicating suppression of the right eye. The line graphs below show that suppression is deeper for monkey SM-1, but extends over the entire 5.5°testing area for both monkeys. Fig. 11 . Log dichoptic to monocular sensitivity ratios for the right eye (closed symbols) and the left eye (open symbols) for Gabor targets of varying spatial frequency presented at central fixation. The scale is shifted so data from each individual are isolated. A larger range of log ratios are shown for the monkeys in the right column but the scale remains the same so that data can be compared between animals. Data for monkey 3LR-3 and for 4 c/deg for monkey 6LR-1 are not shown because of misleading high monocular thresholds. The eyes with the lowest log ratios from all of the monkeys are shown in the lower right diagram. There is no indication that suppression is spatial frequency-specific.
ble that these lens-reared monkeys developed suppression with relatively low amounts of induced anisometropia because they were prevented from developing amblyopia. Amblyopia may be the more usual adaptation with naturally occurring constant anisometropia, but suppression would be a necessary adaptation in the absence of amblyopia.
Clinical (pathological) suppression
Suppression effectively suspends perception, whether the suppression is pathological and accompanies anisometropia or strabismus, or is physiological and occurs in conjunction with a blink, a saccade, or during rivalry. Measures of the depth of different varieties of suppression have been remarkably similar. The depth of blink suppression (Volkmann et al., 1980; Riggs et al., 1981) , saccadic suppression (Dodge, 1900; Holt, 1903; Dodge, 1905; Holt, 1906; Woodworth, 1906) , and rivalry suppression (Blake & Camisa, 1979; Smith et al., 1985b; Holopigian et al., 1988; Holopigian, 1989 ) is on the order of 0.5 log units, representing a reduction in sensitivity by a factor of about three. Measures of the depth of suppression associated with anisometropia have been slightly less (up to 0.3 log units or a factor of two), while measures of the depth of strabismic suppression have been somewhat greater (up to 1 log unit or a factor of 10) Holopigian et al., 1988; Holopigian, 1989) . The measures of the depth of suppression reported here are of similar magnitudes.
The depth of suppression found in strabismic monkeys SM-1 and SM-2 were only up to 0.30 log units or a twofold reduction in sensitivity, while the deepest suppression was 0.53 log units or a 3.4-fold reduction in sensitivity, measured centrally for the right eye of monkey 6LR-1. Despite the outwardly small reductions in sensitivity that were measured, the concordance with similar findings in human observers suggests that these monkeys were demonstrating clinical suppression.
In addition to the finding that experimental subjects showed suppression and control subjects did not, there are two lines of evidence that differentiate the observed reductions in dichoptic sensitivity as pathological or 'clinical' suppression, as opposed to normal physiological suppression. The strongest argument for the label of clinical suppression is that the early visual histories of the monkeys were known, and the rearing procedures are known to result in compromised binocular physiology and behavioral functioning (Crawford & von Noorden, 1980; Crawford et al., 1983; Crawford, Smith, Harwerth, & von Noorden, 1984; Smith et al., 1997; Kumagami, Zhang, Smith, & Chino, 2000) . Concurrently, the configuration of the visual display used to measure contrast thresholds was designed to maximize the likelihood of differentiating clinical suppression from rivalry suppression. Images that cannot be fused elicit rivalry-like suppression in subjects with normal or abnormal binocular vision . Images that can be fused elicit fusion in subjects with normal binocular vision and clinical suppression in subjects with abnormal binocular vision (Jampolsky, 1955; Schor, 1977) . In this experiment, the high-contrast lowspatial frequency gratings surrounding the test area were presented dichoptically in-phase to each of the eyes, and as such, constituted a strong stimulus to fusion. That the lens-reared and prism-reared monkeys demonstrated suppression under viewing conditions that promote fusion strengthens the argument that they were exercising clinical suppression.
Impact of amblyopia
The goal of each of the rearing strategies was to alter binocular sensory development while allowing for the normal development of monocular visual functions. Notwithstanding, one monkey did develop clinically significant amblyopia (SM-1 in Fig. 4) . The other prismreared monkey (SM-2 in Fig. 4) and two of the lensreared monkeys (6LR-1 and 6LR-2 in Fig. 3 ) showed slight differences between left eye and right eye contrast sensitivities. All four of these monkeys showed suppression of the eye with the poorer contrast sensitivity.
The role of suppression as a functional adaptation is supported by an inverse relationship between the depth of suppression and the depth of amblyopia (Holopigian et al., 1988) . When amblyopia is deep, only relatively shallow suppression is required to suspend the nonfusible image from perception, while deep suppression is required when there is little or no amblyopia. In agreement with this idea, the monkey who demonstrated clinically significant amblyopia (SM-2) demonstrated relatively mild suppression compared to the other prism-reared and the 6 D lens-reared monkeys who showed more equal monocular contrast sensitivities.
Suppression in anisometropia 6ersus strabismus
In humans, the suppression scotomata that accompany early onset anisometropia are symmetric around fixation and diminish gradually into the periphery (Sireteanu & Fronius, 1981) . The symmetry of anisometropic suppression may be related to the symmetry of the decrease in retino-cortical grain, where there is only need for suppression to an eccentricity at which frequencies included in the neural transmission from each eye are matched and the images become fusible. Only monkey 1.5LR-1 showed evidence of a suppression scotoma that may have been asymmetrical around central fixation, while all five of the other lens-reared monkeys showing suppression exhibited scotomata that were symmetrical. Also following from this adaptive model of suppression, it is expected that the size of the suppression scotoma depends on the magnitude of the anisometropia. In this experiment, the area of suppression was associated with the magnitude of defocus between the two eyes. Monkeys reared with the lower powered lenses (1.5LR-1, 1.5LR-2 and 3LR-1) showed central suppression while all three monkeys reared with the highest-powered lens showed suppression that extended beyond the 5.5°test area. The depth of suppression in the lens-reared monkeys was also correlated with the magnitude of defocus; monkeys 1.5LR-1, 1.5LR-2 and 3LR-1 showed a reduction in central sensitivity by 1.4-to 2-fold while the 6 D lens-reared monkeys showed reductions in their sensitivity by 2.5-to 3.4-fold.
While strabismic suppression can be deeper than anisometropic suppression, both have been reported to reduce dichoptic sensitivity by the magnitudes demonstrated by our monkeys Holopigian et al., 1988; Holopigian, 1989) . Still, the extent of the suppression scotomata and the depths of suppression were greater for the 6 D lens-reared monkeys than for the prism-reared monkeys. Monkey SM-2 may have exhibited milder suppression because the images seen by the right eye were degraded by amblyopia. Monkey SM-1, however, showed no evidence of amblyopia, yet milder suppression than the 6 D lens-reared monkeys. Other factors including age of onset and duration of the period of abnormal binocular experience have been considered to influence the development of suppression and amblyopia (Birch & Swanson, 2000; Kumagami et al., 2000) . In this experiment, the age of onset of each of the lens-reared and prism-reared monkeys were vir-tually the same and cannot be responsible for the difference in depth of suppression seen. While the duration of lens wear was much longer (33 weeks) compared to the duration of prism wear (8 weeks), suppression should have been more severe in the prism-reared monkeys if suppression is strongest at the beginning of the period of abnormal binocular vision when no other mechanism is available to cope with the non-fusible images. In this model, as amblyopia develops, the severity of suppression subsides. It is possible that by preventing the development of amblyopia in our treated monkeys, the severity of suppression did not decrease over the duration of lens wear, but may have increased instead. In a sense, the treatment became more severe as the animal got older, possibly in parallel with the increasing sensitivity of mechanisms supporting spatial vision. Then, because the lens-reared monkeys were treated for longer, their suppression was more severe than the prism-reared monkeys'.
Spatial frequency specificity of suppression
The spatial frequency specificity of suppression was investigated to determine if the development of suppression occurred as a specific adaptation to non-fusible stimuli. In anisometropia it might be expected that suppression would be strongest for the higher spatial frequencies that are more severely affected by defocus and less likely to have been fusible during lens rearing. Following from this perspective, it might also be expected that monkeys reared with greater amounts of defocus would show suppression for a greater range of spatial frequencies, while monkeys reared with lesser amounts of defocus might only show suppression for the highest spatial frequencies. This developmental model was, however, not supported by the data.
The possibility of spatial frequency-specific suppression occurring for strabismic observers depends on the misalignment being so slight that there could be overlap of the lower spatial frequencies. The amount of deviation imposed on the prism-reared monkeys ensured that fusion of even low spatial frequencies could not have been possible. If suppression develops to alleviate visual confusion and/or diplopia that are the sensory consequences of binocular misalignment, then it would be expected that the strabismic monkeys would suppress all spatial frequencies tested. The results of strabismic monkey SM-2 supported this hypothesis, as suppression was equal for all spatial frequencies tested.
Although for the strabismic monkeys there was no association between suppression measured behaviorally and the spatial frequency composition of the stimulus, evidence of a spatial frequency-specific difference in the magnitude of binocular suppression was found physiologically (Qian et al., 1998) . The monocular receptive fields and binocular interactions of V1 units were investigated in the strabismic monkeys SM-1 and SM-2 using standard extracellular single-unit recording procedures. To determine whether binocular interactions were excitatory or inhibitory, the mean binocular response amplitude was compared to the dominant monocular response amplitude, in the same manner as the dichoptic to monocular sensitivity ratio was calculated from behavioral responses. Similarly, a ratio less than 1.0 (or log ratio less than zero) indicated an inhibitory binocular interaction or suppression. For monkey SM-2, complex cells with optimal spatial frequencies above 2 c/deg showed larger magnitudes of suppression than complex cells tuned to lower spatial frequencies. The same spatial frequency-specific trend was evident for monkey SM-1, except that the binocular to monocular response amplitude ratios were not consistently far enough below 1.0 to classify the responses as suppressive.
Not only have humans and rhesus monkeys been reported to exhibit similar normal visual functions, but monkeys were found to demonstrate suppression in response to the same disruptions in binocular vision that are thought to cause suppression in humans. Monkeys provide an animal model of clinical suppression that will allow researchers to systematically control and effectively relate the features of the precipitating abnormal binocular visual experience to behavioral and physiological demonstrations of suppression.
